In recent years, several pro®le-shape functions have been successfully used in X-ray powder diffraction studies. Here, a new pro®le function for approximating the X-ray diffraction peaks is proposed. This model, based on a Gaussian function multiplied by a correction factor in the form of a series expansion in Hermite polynomials, can be employed in the cases where there are peak asymmetries. The function has been tested by using samples of -Al 2 O 3 and 9-YSZ (yttria-stabilized zirconia), yielding generally satisfactory results.
Introduction
Many different functions for modelling the peak shape in the analysis of X-ray powder diffraction pro®les have been proposed in the literature. Among these pro®leshape functions, the pseudo-Voigt (Thompson et al., 1987) and the Pearson VII functions (Hall et al., 1977) are, undoubtedly, the most popular, giving the best approximations to the X-ray diffraction pro®les in many cases (Young & Wiles, 1982; Stanisz et al., 1989) . Other representations, such as the Voigt function (Suortti et al., 1979) , a convolution of Gaussian and Lorentzian functions, and the nonanalytical array-type pro®le function of Toraya (1990) , have also been successfully employed in powder data analysis.
From the model parameters, useful information such as the integrated intensity, the peak maximum position and the peak width of the individual re¯ections [integral breadth or full width at half-maximum (FWHM) in the most cases] can be obtained in a straightforward way. This information can be used as a starting point for quantitative (El-Sayet & Heiba, 1994) or microstructural (Enzo et al., 1988; Benedetti et al., 1988; Balzar, 1992) analysis.
However, in some cases, the functions commonly used lack¯exibility in shaping the diffraction pro®les, especially when peak asymmetry is present. To overcome this problem, some procedures involve the use of a semiempirical correction factor, with an adjustable parameter (Rietveld, 1969; Riello et al., 1995) , which multiplies the symmetric function representing the peak pro®le (i.e. Pearson VII or pseudo-Voigt). Nevertheless, this simple description of the asymmetric pro®le has been found de®cient in various respects. For this reason, more complicated expressions, involving four independent parameters (Be Â rar & Baldinozzi, 1993) , have been developed. On the other hand,`split' versions of the Pearson VII (Toraya, 1986) and pseudo-Voigt functions, with different decaying rates on the low-and high-angle sides of the peak, have been used in explicitly modelling the line asymmetry. A different approach (Howard, 1982) is based on the approximation of the convolution integral that includes the effects of the axial and horizontal divergences besides the ®nite aperture width by using Simpson's rule for three (or more) points. In this case, the convoluted pro®le is calculated as a superposition of three symmetric Gaussian pro®le functions at displaced points (where the abcissas are related with an asymmetry parameter). At present, the most successful method for modelling asymmetric pro®les (van Laar & Yelon, 1984; Finger et al., 1994) , describes the asymmetry due to axial divergence in terms of ®nite sample and detector sizes, without using any free parameters. In this case, the total pro®le of a Bragg peak is obtained by the convolution of the axial divergence contribution to the line with its intrinsic shape, performed numerically by means of a Gauss±Legendre quadrature procedure. This method has been implemented in most modern Rietveld re®nement codes and used with good results in the analysis of high-resolution synchrotron and neutron powder data (Aranda et al., 1998) .
In this work, we propose a new pro®le function, based on the use of the Hermite polynomials. Such a model can be employed for both symmetric and asymmetric pro®les. We ®rst present the shape function. Then, we show practical examples of its application for samples of -Al 2 O 3 and 9-YSZ. Finally, we discuss the results and the usefulness of this shape function in X-ray diffraction pro®le ®tting.
Model
The pro®le-®tting function proposed here is
where H k x is the Hermite polynomial of order k and
x 2 À 2 g a'X 2
Equation (1) can be expressed as the product of a Gaussian with parameters I o , ' and 2 g and a series expansion in Hermite polynomials
the coef®cient a 0 being 1. From the above, the pro®le function can be considered as a Gaussian function multiplied by a correction factor in the form of a polynomial series expansion. Although H k x 3 I for large x, the presence of the exponential term ensures the convergence of the function in the tails of the pro®le.
This function can be used for either symmetric or asymmetric peak pro®les, because the series expansion n k0 a k H k x includes odd terms [the odd Hermite polynomials H 1 xY H 3 xY F F F and even terms [the even Hermite polynomials H 0 xY H 2 xY F F FX An important difference relative to other pro®le-®tting functions is that the number of parameters is not previously ®xed in this model (as, for example, in the pseudo-Voigt and Pearson VII functions). In this way, it is possible to select the number of polynomials employed in the series expansion; this¯exibility allows us to obtain a better ®t by increasing n. Although this conclusion is obvious, we have found in practice that small values of n provide good results, as is shown in x4. On the other hand, in the use of this pro®le function, a compromise is necessary between the number of terms employed in the series expansion and the goodness of ®t; this can be accomplished by using some type of statistical criterion, such as the F-test (Abramowitz & Stegun, 1965) .
We can note here that, in this semi-empirical model (hereinafter referred to as GH), the peak-maximum position and other parameters describing the shape of the peak (peak width and maximum intensity) are not provided directly and must be calculated from the peak parameters I o , 2 g , ' and {a k } by means of numerical procedures.
Nevertheless, the peak integrated intensity, A, can be obtained in a straightforward way by the substitution of (1) in
and integration (analytical, in this case). This can be done easily and the result is
Although the semi-empirical function presented in this work appears to be less useful than other more fundamental models where the effects of the instrumental aberrations are incorporated in the peak shape by means of a numerical integration, this simple approach can be interesting in several cases. In this way, the measurement of the integrated intensity of the line for its use in quantitative analysis, or the approximation of the instrumental pro®les as a previous step in determining the`pure' diffraction pro®le, can be performed straightforwardly without detailed knowledge of the instrumental aberrations.
Experimental and results
We have used in this work a powder sample of -Al 2 O 3 and a 9-YSZ (9 mol.% yttria-stabilized zirconia) nanocrystalline cubic powder specimen. The X-ray diffraction patterns were recorded with a Philips PW-1800 powder diffractometer and Cu K radiation (! 1.54183 A Ê ), in the step-scanning mode. The -Al 2 O 3 sample was scanned from 20 to 120 2 with a step of 0.02 and a counting time of 5 s. The experimental conditions for the 9-YSZ specimen have been described elsewhere (Sa Â nchez-Bajo & Cumbrera, 1997).
In the case of the -Al 2 O 3 sample, we have selected the isolated peaks 012 and 113, located at 2 25.6 and 2 43.4 , respectively, to test the model function presented in the preceding section. A Levenberg± Marquardt nonlinear least-squares ®t (Press et al., 1989) was performed for the 012 peak using the GH function with n 0 (Gaussian case), 1, 2, 3, 4 and 6. The pseudo-Voigt (including the`split' version) and Pearson VII model functions were also used for comparison purposes. In all cases, the doublet K 1 ±K 2 was included in the pro®le on the assumption that the K 1 and K 2 lines have the same shape. In Table 1 are summarized the pro®le agreement indices, R p , R wp , GoF (goodnessof-®t), as de®ned by Hill & Fischer (1990) , the chisquare 1 2 and the degrees of freedom # N À P, with N the number of data and P the number of parameters varied). Table 2 shows, for the different cases of the GH model, the values of the re®ned parameters. Fig. 1 displays the results of the re®nement for the GH model with n 2 and n 6. Table 3 presents the pro®le agreement indices obtained in the ®t of the GH model with n 2, 3, 4 and 6 to the experimental data of the -Al 2 O 3 113 peak (including the pseudo-Voigt and its`split' version functions for comparison). The model parameters for the GH function are displayed in Table 4 . Fig. 2 displays the results of the re®nement for the GH model with n 2 and n 6.
For the 9-YSZ sample, we have selected the region of the isolated peak 220, centred around 2 50 , and the 55±65 2 zone, where the 113 and 222 peaks appear partially overlapped. In the case of the 220 peak, we have employed the GH function with n 0, 2, 4 and 6, besides the pseudo-Voigt and Pearson VII functions (without including the`split' version of the pseudo-Voigt function owing to the symmetric nature of the 9-YSZ peaks). The results corresponding to the ®ts with n 2 and n 6 and the pro®le agreement indices are shown in Fig. 3 and Table 5 , respectively. For the 113±222 zone, we have ®tted the experimental data to the GH model with n 0, n 2 and n 4 (in this case using only the even Hermite polynomials H 0 , H 2 and H 4 ), besides the pseudo-Voigt and Pearson VII functions. In Fig. 4 are displayed the results of the ®ts with n 2 and n 4, while Table 6 summarizes the pro®le agreement indices of all the re®nements.
Discussion

012 -Al 2 O 3 peak
In this case, the commonly used Pearson VII and pseudo-Voigt functions provide similar results, the (14) À0.178 (7) À0.002 (4) À0.015 (4) 0.192 (4) ± ± GH with n 6 316.3 (27) 0.1122 (7) 25.5279 (20) 0.280 (13) 0.030 (10) À0.036 (5) 0.0152 (6) 0.0034 (7) 0.0019 (1) Fig. 1 . Least-squares ®t to experimental points (corrected by the Lorentz±polarization factor) for the 012 -Al 2 O 3 peak based upon the GH function with (a) n 2 and (b) n 6. In both cases, the difference plot is shown at the bottom. Pearson VII function being slightly better (GoF 5.7) than the pseudo-Voigt function (GoF 5.9). These poor GoF data are related to the presence of a noticeable asymmetry on the left-hand side of the peak. The`split' version of the pseudo-Voigt function is clearly most adequate, with a GoF of 2.6. In addition, the GH model with n 0 and n 1 leads to GoF values of 7.1 and 6.7, respectively. However, the case n 2 shows a better agreement between the model and the experimental data (GoF 3.9), especially on the left-hand side of the re¯ection. While the performance of the case n 3 is very similar to that of the last case, the shape of the peak is very well described by the GH function with n 4 and n 6. In the last case, the GoF value (1.8) is better than that corresponding to the`split' pseudo-Voigt function.
113 -Al 2 O 3 peak
The asymmetric nature of the 113 peak (perhaps due to the small number of experimental points for this re¯ection) leads to a high value of the GoF in the case of the pseudo-Voigt and GH function with n 2. In fact, from a statistical point of view, using the F-test, the reduced chi-square values (GoF 2 1 2 /#) for these cases do not differ (at a 95% signi®cance level). The use of the GH function with increasing values of n leads to a better ®t, reducing the GoF value to 2.9 for n 6. In this case, the`split' pseudo-Voigt function (GoF 2.5) performs slightly better than the GH function with n 6.
220 9-YSZ peak
In the sample of 9-YSZ, the re¯ections are broader and more symmetric than in the -Al 2 O 3 sample. Thus, for the 220 peak, the ®ts of the pseudo-Voigt and Pearson VII functions to the experimental data are very good, with a GoF near unity in both cases, indicating that the most important source of error is due to the counting statistics [the GoF has an expected value of 1 À 4# À1 and a standard deviation of 2# À1a2 for large # when the discrepancies between the observed and calculated intensities arise exclusively from counting statistics]. On the other hand, the results for the GH model with low n are poorer than those obtained with the Pearson VII and pseudo-Voigt functions. Nevertheless, the cases n 4 and n 6 give good results, with GoF values of 1.16 and 1.08, respectively. In fact, at a 95% signi®cance level, the reduced chi-square values in the cases GH with n 6 and Pearson VII are the same.
113 and 222 9-YSZ peaks
In this case, very satisfactory results were obtained with the Pearson VII and pseudo-Voigt functions (GoF 1.04 and 1.03, respectively), although probably the background is underestimated in the last case. On the other hand, the GH model for n 2 gave an excellent ®t, as shown by the difference plot in Fig. 4(a) . However, the inclusion of the odd Hermite polynomial H 1 (x) in the model with n 2 is related to the presence of some degree of asymmetry in the calculated 113 peak (on the left), without physical signi®cance because of the high symmetry of the re¯ections in the 9-YSZ diffraction pattern. For this reason, in the GH model with n 4, we excluded the odd terms H 1 (x) and H 3 (x) in the polynomial series expansion. The results for this ®t (Fig. 4b) show very little difference when compared with the Pearson VII ®t, and the reduced chi-square is the same in both cases, at a 95% signi®cance level.
Conclusions
The above results show that the GH model can be used as a valid approximation of the pro®le shape in X-ray powder diffraction, specially when peak asymmetry is present. In this manner, the GH function can be very interesting for modelling the instrumental function g(x) in microstructural analysis, where it is usual to select standard samples that show peaks that are well separated (and narrower than the experimental pro®les affected by the line-broadening microstructural effects) in the diffraction pattern. Moreover, in this case, it is common for the lines to exhibit slight asymmetry at low and very high angles, due to geometrical factors; this asymmetry can be taken into account by the use of the GH model, especially at low angles, where the peaks are approximately Gaussian. In this case, it can be useful to work with a model pro®le based on the Gaussian function. On the other hand, for broad and highly symmetric re¯ections, as in the 9-YSZ sample, our model performs very well with a relatively small number of parameters. In these cases, we can reduce the number of re®ned parameters by working exclusively with the even Hermite polynomials, due to the peak symmetry. This approach is especially useful when we are dealing with partially overlapped symmetric re¯ections. Fig. 2 . Least-squares ®t to experimental points (corrected by the Lorentz±polarization factor) for the 113 -Al 2 O 3 peak based upon the GH function with (a) n 2 and (b) n 6. In both cases, the difference plot is shown at the bottom. Fig. 3 . Least-squares ®t to experimental points (corrected by the Lorentz±polarization factor) for the 220 9-YSZ peak based upon the GH function with (a) n 2 and (b) n 6. In both cases, the difference plot is shown at the bottom. 4 . Least-squares ®t to experimental points (corrected by the Lorentz±polarization factor) for the 113 and 222 9-YSZ peaks based upon the GH function with (a) n 2 and (b) n 4. In the case of GH with n 4, only the even terms of the polynomials series expansion have been included. In all cases the difference plot is shown at the bottom. 
